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Abstract
Purpose Conventional shelf-freezing in pharmaceutical lyophilization suffers from batch variation and is potentially incom-
patible with emerging continuous lyophilization systems. This work presents a forced gas convective freezing chamber for
suspended vials in cross-flow to improve the quality of the freezing process and meet the continuous lyophilization needs.
Methods First, computational fluid dynamics simulations were performed to determine key process parameters. Then,
physical chambers were built to meet these requirements. Sets of twenty 10R vials containing 3mL of aqueous solution were
frozen to characterize the per-vial heat transfer. Additionally, a novel nucleation technique was investigated where conditioned
vials were exposed to an impulse of <−30◦C gas. Finally, frozen vials were completely dried in 12h in an attached vacuum
chamber.
Results The chambers conditioned vials from 25◦C to−1◦C in under 20min, with final vial temperatures varying by less than
0.5◦C. The impulse technique induced nucleation in all vials within 30s without significantly cooling them. After nucleation,
the system accessed slow (0.05 g/min) and rapid (1.0 g/min) solidification rates, as well as post-solidification procedures
including typical ramp and hold protocols. Dried vials had residual moisture below 2.5 wt% and showed no signs of collapse.
Conclusions This freezing chamber was demonstrated to track gas temperature setpoints as low as −50◦C within ±1◦C
and induce nucleation in all vials virtually simultaneously, enabling excellent control of the freezing process. The chamber’s
cooling via forced convection and its available front and back faces make it compatible with integration into a continuous
lyophilization system.
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Introduction

Lyophilization (vacuum freeze drying) is a technique that
is used to stabilize pharmaceutical products for storage and
transportation [1]. Typically, the product solution is filled
into vials that are placed on temperature-controlled shelves
in a chamber capable of pulling a vacuum below 20 Pa. This
process removes almost all water from aqueous formulations
in three steps. First, the product is frozen by cooling the vials
to low temperatures, typically below −30◦C. Then a vac-
uum pump is activated, and the vials are gently heated to
drive sublimation of the bulk water in a process called pri-
mary drying. Once all the bulk water in the vials has been
removed, additional heat is applied to drive off the bound
water in secondary drying [2]. Overall, these processes are
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slow, with freezing taking a few hours and the drying pro-
cesses requiring 1–2 days, even when removing only 3mL
of water from each vial. Most commercial lyophilization is
done in large batches, suffering from process nonuniformity
and inefficiencies that could be improved by transitioning to
continuous manufacturing methods [3, 4].

While freezing only occupies 10% of the total process
time, it creates the ice crystals that determine the pore net-
work that controls drying. When ice sublimates from the top
of the frozen mass, it leaves behind a complex product struc-
ture surrounding an interconnected network of pores formed
by the voids previously filled by ice, creating a path through
which water vapor liberated from ice lower in the vial must
travel [5–7]. Additionally, the size of the ice crystals influ-
ences the specific surface area and, consequently, the extent
of the ice-water interface,which is oneof the factors responsi-
ble for the denaturation of certain biomolecules [8, 9]. Lastly,
the amount of unbound water and the desorption rate are
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affected by the pore network, which will impact the residual
water content in the final product [10].

The freezing process can be divided into several parts:
conditioning,where vials are cooled fromambient conditions
to just below 0◦C; nucleation, where ice crystals begin to
form; solidification; where all the liquid water is frozen; and
finally quenching, where the vials are lowered to −40◦C to
prepare for drying [1].

While nucleation is a crucial step that sets the initial ice
crystal structure, it is difficult to control due to its stochas-
tic nature [11–13]. Methods to control nucleation generally
begin with a conditioning step that brings all vials in a batch
to a slightly sub-cooled condition where spontaneous nucle-
ation is unlikely. Then a change is induced to increase the
nucleation probability, such as the seeding of crystal with an
ice fog technique, the direct cooling of the liquid water with
the vacuum-induced surface freezing technique, or the bulk
cooling of the systemwith aggressive temperature ramps [14,
15].

During solidification, the size of the ice crystals grown is
inversely related to the solidification rate. Therefore, rapid
freezing rates result in a more restricted pore network dur-
ing drying. Even after complete solidification, some products
benefit from the inclusion of an annealing step. During
annealing, the vials are raised back to an intermediate tem-
perature to increase ice crystal size throughOstwald ripening
or to homogenize the polymorphs of the solid product being
lyophilized [16, 17].

At industrial scales, pharmaceutical lyophilization is typ-
ically performed in batch sizes ranging from 1,000 to 10,000
vials due to the slow process time. In these machines, vials
are cooled conductively through contact with a temperature-
controlled shelf on which they sit. The cooling conditions
for individual vials often vary significantly across the shelf,
and the large shelves have practical limitations on their max-
imum temperature change rates due to their large thermal
mass. This cooling variability leads to highly variable cake
structures, resulting in varying drying rates, but the batched
nature of the process limits its overall speed to that of the
slowest vials [18].

Techniques such as spin freezing address this non-
uniformity by both treating each vial individually and coating
the product liquid solution across the entire surface area of the
vial [19], a process implemented commercially by RheaV-
ita. While spin-freezing can control the rate of solidification
after nucleation, it does not control the nucleation time or
temperature of the products, and the process of spin-freezing
significantly increases the air-water and water-solid interfa-
cial areas [9, 20–23].

Other continuous lyophilization systems without spin
freezing, which can control the freezing of several vials at
a time to create a balance between uniformity and produc-
tion rate, have been proposed but have not been realized.

Continuous manufacturing techniques can reduce current
industrial lyophilization times, eliminate the process inho-
mogeneity introduced by large batches, and implement
model-based closed-loop process control. The control and
quality improvements from continuous manufacturing could
expand the set of products benefiting from lyophilization,
and its scale-up and flexibility benefits can streamline supply
chains and allow for rapid production changes when needed.
These continuous processes necessarily move vials through
the lyophilization system, which makes direct shelf cooling
cumbersome due to the generation of particulates from rub-
bing potentially violating the strict sterility requirements of
injectable drug products [3, 4].

This work presents the design, manufacture, and testing of
a forced gas convection freezing chamber that can integrate
into a continuous lyophilization process. This chamber blows
inert gas at a controlled temperature and flow rate across
rows of suspended vials that can move through the chamber.
While this chamber operates similarly to blast freezers, the
use of liquid nitrogen for gas temperature control allows it
to be much smaller, improving uniformity between samples.
Additionally, the liquid nitrogen source ensures that the recir-
culating gas is dry nitrogen, removing potential sources of
frost from the gas flow [24].

Methods

Both simulation and physical prototyping were used to eval-
uate a forced convection freezing chamber for vials in cross
flow. First, simulationswere used to compare potential geom-
etry choices and flow configurations and provide a feasibility
study. Physical prototypeswere then designed and assembled
considering key results from the simulation and practical lim-
itations. Finally, tests were performed with vials to assess the
efficacy and uniformity of the freezing process. This study
used 10R vials (Soffieria Bertolini, Candiolo, Italy) filled
with a 3mL solution of 5 wt% mannitol (Sigma-Aldrich)
dissolved in water (Milli-Q) and filtered through a 0.2 μm
filter as a nominal formulation.

Functional Requirements

The chamber design was evaluated on its ability to satisfy
key functional requirements used to guide its design. These
functional requirements address the system’s cooling mech-
anism and associated parameters, establishing the criteria to
measure the system’s success.

1. The chamber must be capable of completing the freezing
process in less than 2h.
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2. The vial temperatures in the chambermust bemaintained
within ±1◦C of the desired setpoints at the end of each
step in the freezing process.

3. The chamber must be capable of accessing temperature
setpoints between −50◦C and 10◦C.

4. The chamber must trigger a nucleation event via a con-
trolled stimulus.

5. The vials must not directly contact the inner surfaces of
the chamber.

Requirement 1 is set to meet or exceed typical cooling
rates in existing batch lyophilizers. Requirement 2 is set by
the resolution of the thermocouples used to assess the system.
Requirement 3 ensures that the chamber can reach tempera-
tures relevant to all parts of the freezing process.Requirement
4 is necessary to reduce variability in drying performance for
vials produced by this chamber. Requirement 5 simplifies the
integration of this chamber into a continuous lyophilization
system.

Simulation

COMSOLMultiPhysics version 5.6was used to simulate var-
ious geometries and configurations relevant to the freezing
of lyophilization vials. The vials were modeled as 24mm
diameter glass cylinders with 3mL of liquid water inside,
while the vial stoppers and the tray holding the vials were
neglected. The flow around the vials was simulated by solv-
ing the Navier–Stokes equations in the continuum regime
under laminar flow conditions. Properties for the cooling gas
were calculated usingCOMSOL’s built-in values for nitrogen
with ideal gas assumptions as relevant. The cooling gas was
assumed to have a constant inlet temperature of−5◦C unless
noted otherwise. Three classes of simulation were performed
to analyze this system.

First, a set of simulations was run using simplified geome-
tries and boundary conditions (e.g., no heat flux at the walls)
to quickly assess the efficacy of a variety of flow configura-
tions and vial layouts. These more computationally efficient
preliminary simulations are necessary to narrow the design
space for both detailed simulation and prototype manufac-
ture.

Second, a simulationwas runon apractical geometry close
to the final as-built chamber design. This simulation included
a more complex geometry and more realistic boundary con-
ditions (e.g., free convection on the outside of the walls) to
demonstrate that the results from the first set were transfer-
able.

Finally, a set of single-vial simulations was performed to
evaluate the theoretical efficacy of a thermal impulse-induced
nucleation strategy.

Hardware Design and Characterization

While this chamber underwent several hardware iterations
(see Appendix B) to meet the design parameters set from the
simulations, this work only presents a detailed description
of the final chamber. This chamber is built around a mag-
netic levitation motion system from Planar Motors Inc. and
includes a gas recycle system to improve cooling efficiency.
Magnetic levitation and the convective gas flow remove con-
tact between system components, facilitating future GxP
operation. The uniformity and stability of the convective
gas temperature and flow within the chamber were measured
using T-type thermocouples (PerfectPrime TL0024TT) and a
hot wire anemometer (VelociCalc Air Velocity Meter 9545).

Gas Temperature Control

This convective gas cooling strategy fundamentally requires
a large and stable supply of cold gas to control vial tem-
perature. For this study, boiling liquid nitrogen was injected
directly into the flow to generate the appropriate tempera-
tures. This strategy utilizes both the efficiency of the enthalpy
of boiling as a cold source and the boiling temperature, 77K,
to access cryogenic temperatures.

Despite these benefits, using liquid nitrogen as a cold gas
source also carries notable complications. In particular, the
cryogenic temperatures can freeze many actuators, the sys-
tem feed contains an actively boiling two-phase flow, and the
liquid nitrogen dewar pressure is not regulated.

The gas temperature is controlled by a cascade controller
with a fast inner loopmanipulating an inlet feed valve (carbon
steel ball valvewith a graphite seal)with an electrical actuator
(Assured Automation S40170UV19) based on the outlet gas
flow rate (Alicat M-2000SLPM-D/CM). The outer control
loop sets the flow setpoint for the inner loop based on the
current gas temperature. This cascade structure is described
in detail in Appendix C.

Freezing Performance Characterization

After validating the hardware used to drive the freezing pro-
cess, experiments were run for vials with solution in the
chambers. The solution temperature in each vial was mea-
sured by T-type thermocouples (PerfectPrime TL0024TT)
suspended in the center of the solution 2mm above the bot-
tom of the glass in each vial, with their positions secured
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by feedthrough features in a 3D-printed cap held in the vial
neck. The vials were suspended from their necks and arrayed
on a tray in two rows of five vials each in a 40mm spaced
hexagonal pattern. Each freezing chamber holds two trays of
ten vials for a total of 20 vials.

Multiple freezing chambersweremanufactured, including
versions compatible with load locks [25] to provide physi-
cal separation and rapid transition between cooling zones at
different gas temperatures.

Nucleation

The gas temperature change for the impulse nucleation tech-
nique can be generated in two different ways. When using a
single chamber, the impulse is generated by fully opening,
then fully closing, the liquid nitrogen feed valve for 30 s.
When using multiple chambers, the vials are moved into and
out of a chamber at <−30◦C. Other nucleation methods,
such as ice-fog or vacuum induced surface freezing, could
be implemented, but they would require additional hardware
capability installation, whereas the thermal impulse method
utilizes the existing capabilities of the forced convection
chambers.

This work uses two methods to measure the distribution
of times at which nucleation occurred when using the ther-
mal impulse nucleation strategy. First, the nucleation event
is observed directly for multiple vials by replacing one wall
of the chamber with an acrylic window. When nucleation
occurs, the newly formed ice crystals turn the transparent
liquid solution opaque, providing a visual indication. Sec-
ond, thermocouples placed directly in each vial detect the
nucleation event by measuring when the sub-cooled solution
temperature jumps to the equilibrium freezing temperature.
While thermocouples can affect nucleation behavior by pro-
viding sites for heterogeneous nucleation, this effect is not
expected to affect this measurement because of rapid homo-
geneous nucleation that occurs in response to a thermal
impulse. This claim is validated in Section Induced Nucle-
ation, where there is no difference in the distribution of
nucleation times observed both with and without thermo-
couples.

Inferred Vial Dynamics

The restrictions from thermocouple wires prevent testing
where the vials are moved between chambers operating at
different temperature setpoints. This limitation can be over-
come by inferring the vial dynamics from the gas temperature
when the heat transfer between the two is well characterized.
The per-vial data collected in Section Freezing Performance
Characterization can be used to estimate the per-vial con-
vective heat transfer coefficient, h. Specifically, the average

temperature in the vial during these tests follows

dTvial
dt

= hA

mCp

(
Tvial − Tgas

)
(1)

With the true measured dynamics of Tvial and Tgas, the
only unknown parameter in Eq.1 is h. As described in
Appendix D, this value can be fit for each vial using a least
squares method, and then those per-vial h values can be used
to estimate the dynamics of the system when only the gas
temperature is measured.

Lyophilization Performance

Formulations with 3mL of a 5 wt% mannitol solution typi-
cally require 20h to complete primary drying in laboratory
tests. However, batches containing vials with a narrow dis-
tribution of larger pores can be dried faster because they
can tolerate increased power delivery without exceeding the
cake collapse temperature. Studies using induced nucleation
strategies to control the freezing process have demonstrated
the ability to reduce the primary drying time to 10h [15].

A lyophilization experiment was performed to show that
vials frozen by this system can dry at accelerated rates.
First, 20 vials across two trays were frozen using a sim-
ple protocol consisting of a 30min conditioning step where
Tgas = −3◦C, an impulse induced nucleation stimulus
where Tgas = −45◦C, a 15min solidification step where
Tgas = −3◦C, and finally a 30min quenching step where
Tgas = −45◦C. While this experiment did not include an
annealing step, which is common for mannitol-based for-
mulations, the chamber temperature control could easily
integrate this process into the freezing protocol, as described
in Section Solidification, Freezing, and Annealing. The trays
carrying frozen vials were then transferred to a vacuum
chamber through a compatible load lock, emulating continu-
ous operation. This vacuum chamber maintained its pressure
below 10 Pa throughout the experiment, and the energy for
sublimationwas supplied to the suspended vials via radiation
with the chamber walls. The vials were dried at an average
rate of 0.3 g/hr by holding the wall temperature at 30◦C so
that the 3mL of solution would complete primary drying in
10h. After primary drying, the vials remained in the vacuum
chamber for an additional two hours to complete secondary
drying before being stoppered under vacuum.

The pressure ratio test was used to determine the end of
primary drying by detecting a reduction in the moisture con-
tent in the vacuum chamber. Specifically, the end of primary
drying is the time at which a Pirani pressure gauge (Agilent
VarianPCG-750),which is sensitive tomoisture, and a capac-
itive diaphragm gauge (MKS Baratron Type 626), which is
not, report the same pressure [26]. The physical appearance
of the resultant cakes was assessed, and their final residual
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Fig. 1 (a) The simplified geometry simulated and (b) the sensitivity of this system to the inlet velocity at the nominal inlet and outlet geometries

moisturewasmeasured usingKarl Fisher Titration (Metrohm
831 KF Coulometer).

Results and Discussion

Simulation Results

As described in Section Simulation, the objective of the sim-
ulationswas to identify important geometrical considerations
and the relationship between critical process parameters like
flow rate and the overall process timescale. The effect on
process timescale is summarized by tcond, the time at which
the difference between temperature of the water in a vial and
the temperature of the gas falls below 1◦C. Preliminary sim-
ulations used to determine gas port orientations and the vial
arrangement are described in Appendix A.

Simplified Geometry Conditioning

The geometry used for the initial simulations is shown in
Fig. 1a. This configuration blows cold gas across a loose
hexagonal packing of vials with spacing that allows gas to
flow between them. To achieve the 2h total freezing time
outlined in Section Functional Requirements, a target of 30
min was placed on the slowest tcond for the simulation. Fig-

ure1b shows that gas flow rates above 0.5 m/s are required
to achieve this target.

The simulation setup in Fig. 1a also provides detailed vec-
tor fields for the gas velocity within the chamber. Figure2a
shows that after impinging on the first row of vials, much
of the cold gas deflects upwards and flows over the vials to
the outlet. Restricting the outlet to a 10mm gap below the
vials encouraged flow through the array, as shown in Fig. 2b.
Adjusting the outlet reduced the tcond for the slowest vial in
the simulation from 32 to 25 min at a gas velocity of 0.5 m/s.

An analogous study was conducted by varying the inlet
geometry of the system. Representative results for an inlet
velocity of 1m/s are shown in Fig. 3. The conditioning time
of the slowest vials in the back row was not sensitive to the
inlet geometry, despite small improvements in the tcond for
vials in the front rowwhen shrinking the inlet height. Because
the system is limited by the slowest cooling vials, it is not
sensitive to the inlet geometry.

Complete Geometry Conditioning

The simple geometry results were used to set the inlet gas
velocity and the inlet and outlet geometries for a more realis-
tic simulation. This simulation is based on a chamber design
with two inlets on opposite side walls and a central outlet
channel. The chamber is sized around a Planar Motors fly-

Fig. 2 The flow fields for the (a) full and (b) restricted outlet geometries. The relatively larger vector magnitude above the vials in the full outlet
condition is indicative of gas skipping over the vials
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Fig. 3 The sensitivity of conditioning time for first row vials and last
row vials to restricting the inlet geometry

way with an angled wall to interface with a load lock and
a tray carrying three rows of vials on each side. The geom-
etry of this simulation, shown in Fig. 4a, uses a symmetry
plane through the outlet channel and a heat flux boundary
condition of 20W/(m2K) on the external walls to mimic free
convection conditions.

The results of this simulation with an inlet gas velocity
of 1m/s are shown in Fig. 4b. At the given conditions, the
conditioning time across the rows of vials clearly varies,
with the first, second, and third rows taking 30, 38, and 50
min respectively. This trend is consistent with the results
from the simplified simulations, with the back row cooling
most slowly, but with slightly slower tcond values overall.
While including more rows of vials increases productiv-
ity, using fewer rows reduces the variation in temperature
across the vials, improving the system’s robustness to distur-
bances in the gas temperature. Given these considerations,
the hardware prototype described in Section Physical Proto-
type Design and Validation uses two rows of five vials per
side of the chamber to balance uniformity and productivity.

Single-Vial Impulse Nucleation

Rapidly cooling a small volume of water within the vial
can significantly increase its likelihood of nucleating without
changing the average water temperature. A set of single-vial
simulations evaluated the effects of using a step change in the
cooling gas temperature to achieve this localized nucleation.
This fast temperature change is made possible in the physi-
cal chamber by the convective cooling and the use of liquid
nitrogen as a cold source, and it is not possible in traditional
lyophilizers.

Figure5a shows a cross section of the geometry used in
these simulations. In these simulations, all temperatureswere
assumed to start at the conditioning temperature, and the
system response to step changes in the gas temperature was
analyzed. Figure5b shows that local subcooling of around
15◦C can be induced in the vial before the bulk vial temper-
ature drops by 1◦C. While larger impulses increase the local
subcooling, and therefore the probability of nucleation, this
effect has diminishing returns.

Physical Prototype Design andValidation

The freezing chamber, shown in Fig. 6, incorporates the find-
ings from the simulation results.Wide inlets onopposite sides
of the chamber and a restricted central outlet channel direct
gas across two rowsof vials.Most of the gas exiting the cham-
ber through the outlet channel is recirculated through the
chamber using a diffuser and C-shaped recirculation ducts.
The front and rear faces can be covered by plates to oper-
ate the chamber independently, or multiple chambers can be
connected to each other or load locks to create an integrated
system. The freezing chamber can produce inlet gas veloci-
ties upwards of 1m/s and access the−50◦C to 10◦C range of
temperatures from Section Functional Requirements. While

Fig. 4 (a) The geometry simulated to match the freezing chambers. (b) The maximum vial temperature in each row
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Fig. 5 (a) Typical flow field of the geometry simulated. (b) The degree of subcooling at the front face of the vial over the time that it takes bulk
vial temperatures to decrease by 1◦C. This process takes 80, 50, and 40s at the −20◦C, −50◦C, and −80◦C conditions, respectively. The temporal
spacing of each marker is 3 s

this chamber was not operated in a GxP-compliant manner,
it is reasonable that such a system could be achieved through
filtration of both the recirculating gas flow and the liquid
nitrogen fresh feed.

The chamber was cast (Yankee Casting in Enfield, CT)
and machined (Startsomething LLC in Somerville, MA),
while the recirculation ducts and diffuser were manufac-
tured bywelding bent and rolled sheets (Startsomething LLC
in Somerville, MA). These components were all fabricated
from aluminum for its machinability and to remove the risk
of differential thermal strain creating loads at the component
interfaces. A fresh feed of liquid nitrogen is injected at the top
of the recirculation ducts,where itmixeswith the recirculated
gas along the vertical length before the evaporated nitrogen
is blown across the vials by muffin fans (Delta FFB0448EN-

00EEY). A set of these fans also draws the cooling gas out of
the chamber through the central outlet, preventing backflow.
Using muffin fans directly in the flow reduces the duct size,
and the heat generated from ohmic losses keeps the fans from
freezing. These muffin fans have sealed bearings, protecting
the gas flow from contamination.

Gas Recirculation

The gas recirculation system, consisting of two recirculation
ducts and one diffuser, reduces nitrogen consumption and
buffers the temperature difference between the fresh feed
liquid nitrogen at 77K and the target gas temperatures.

The recirculation ducts, shown in Fig. 7a, guide the recy-
cled gas flow from the diffuser back into the freezing

Fig. 6 Comparison of the (a) CAD and (b) as-built freezing chambers
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Fig. 7 The freezing chamber uses recirculation ductwork consisting of (a) two recirculation ducts and (b) one diffuser to conserve gas and energy
usage while cooling vials

chamber. Fans at the bottom of the recirculation ducts pull
gas through the duct and push it into the chamber to cool
the vials. The recirculation duct is bolted to the side of the
chamber and the diffuser with O-ring seals, allowing it to be
removed for maintenance.

The liquid nitrogen feed is injected into the top of the
recirculation ducts through a manifold that spreads the liquid
nitrogen feed across the width of the recirculation duct to
improve the temperature uniformity across the duct. This
distribution allows the duct’s mixing length to be shortened
because the gas only needs to mix across the duct’s height,
which ismuch smaller than itswidth.Using liquid nitrogen to
cool the nitrogen gas flow allows for a direct injection of the
cooling fluid, enabling the chamber to utilize both nitrogen’s
heat of vaporization and its sensible heat.

The diffuser shown in Fig. 7b splits the gas flow from
the chamber outlet to feed the recirculation ducts. Fans are
located within the diffuser to pull gas out of the chamber. The
diffuser’s exhaust port allows gas to exit the freezing cham-

ber, compensating for the mass entering the system through
the liquid nitrogen injection manifolds.

Gas Uniformity

Driving uniform vial cooling requires the system to main-
tain uniform flow rates and temperatures across the chamber.
While the simulation simply assumes inlet gas parameter
uniformity, this condition must be verified in situ. The liq-
uid nitrogen manifold, recirculation duct mixing length, and
muffin fans provide strong mixing of the recycle gas and
the fresh liquid nitrogen feed to generate the inlet velocity
and temperature profile shown in Fig. 8. The oscillation in
the velocity data (Fig. 8a) corresponds to the measurement
crossing the centers of and areas between fans.

Although the sides of the chamber mirror each other,
they are not guaranteed to operate at the same tempera-
ture. The liquid nitrogen flow is sensitive to differences in
flow resistance that arise from typical manufacturing vari-

Fig. 8 The freezing chamber achieves excellent (a) velocity and (b) temperature uniformity across the inlet faces
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Fig. 9 Side-to-side temperature difference (a) before and (b) after side balancing

ance andupstreampipinggeometry.Manual balancingvalves
upstream of the injection manifolds allow an operator to
adjust the relative restriction between the two sides of the
chamber to flow an equal amount of liquid nitrogen, result-
ing in the balanced cooling conditions shown in Fig. 9.

The hardware design addresses the spatial uniformity of
this chamber, but the temporal variation in the gas temper-
ature requires the active control described in Section Gas
Temperature Control. Boiling liquid nitrogen in the feed line
creates significant flow instabilities and pressure variations,
changing the fresh feed flow rate required to maintain a con-
stant temperature. Figure10 shows how the implemented
control system stabilizes the gas parameters within the cham-
ber, enabling consistent freezing to occur.

Freezing Performance

The use of per-vial thermocouples in the freezing chamber
enables detailedmonitoring of the vial temperature variation.

Conditioning

The results of the conditioning experiment reported in Fig. 11
show that the conditioning time is about 12min for the front

Fig. 10 The required flow rate to maintain a constant temperature set-
point changes during operation

row and 13min for the back row. These values are both closer
to each other and lower than those predicted by the simula-
tion, likely because the gas flow rate in the chamber exceeds
the simulated values. The vial temperature oscillation after
initially reaching the conditioning temperature results from
the stabilization of the gas temperature by the control system
described in Section Gas Temperature Control. This cooling
rate and uniformity meet the system requirements outlined
in Section Functional Requirements.

Induced Nucleation

The results from the thermal quench nucleation testing with
thermocouple measurement, reported in Fig. 12, show that
the vials nucleate within 15s of each other, and the temper-
ature variation between vials at their nucleation event is less
than 1◦C. Optical nucleation observations found a similar
20 s nucleation window (Fig. 13), indicating that the pres-
ence of the thermocouple does not significantly affect the
nucleation process process under these conditions. Thus, the
measured nucleation temperature distribution during system
characterization is expected to be representative of chamber
operation, when vial temperature is not directly measured
with thermocouples. While it is possible that this nucle-

Fig. 11 Empirical conditioning time data collected inside the freezing
chamber
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Fig. 12 When conditioned vials were exposed to the rapid change in gas temperature in (a), they all nucleated within 15s of each other and at
temperatures varying by less than 1◦C (b)

ation event is induced in some vials by water vapor in the
vial headspace crystallizing and falling into the solution, the
video in ESM01 shows that the nucleation front starts from
the bottom of multiple vials, which would not be possible
with ice fog.

Solidification, Freezing, and Annealing

As described in Section Inferred Vial Dynamics, the tem-
perature trajectories collected in Fig. 11 can be used to fit
a convective heat transfer coefficient for each vial. This
single parameter fitting strategy accurately reproduces the
measured data in Fig. 14b. Figure14a shows the range in fit
parameters across vials in the chamber, indicating nearly a
30% difference between the most extreme vial cooling rates.

Estimation of these coefficients allows inference of
the dynamics, controllability, and uniformity of the post-

nucleation processes in this chamber. Solidification is likely
to be the slowest process because water has a large heat of
fusion and only about 1% of the water solidifies during the
short nucleation event. This process step is most sensitive to
variation in h, as the ice crystal growth rate and correspond-
ing crystal size distribution is sensitive to both the rate of
energy removal and the temperature. As shown in Fig. 15,
this chamber can access both rapid, <5 min, and slow, >30
min, solidification by changing the convective gas tempera-
ture.

After solidification, various freezing protocols can be
accessed as shown in Fig. 16. This chamber can achieve the
typical 1◦C/min ramp rates used in batch lyophilizers, imme-
diate quenching down to−40◦C, or more complex protocols
including an intermediate annealing step.

Fig. 13 The efficacy of impulse nucleation can be observed optically. In each frame (timed after the impulse nucleation began), nucleation is
identified by the liquid becoming opaque from the ice crystals and is highlighted with red rectangles
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Fig. 14 (a) The distribution of convective heat transfer coefficients found by fitting the thermocouple dynamics. (b) Temperature profiles showing
that fitting this single parameter accurately reproduces the observed data

Fig. 15 (a) Ice crystal growth rates that are easily accessible with this chamber. (b) Time required to fully solidify 3mL of solution for a range of
constant gas temperatures

Fig. 16 Inferred vial temperature dynamics in response to measured (a) step and (b) ramp freezing protocols
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Fig. 17 (a) Typical cakes produced and (b) detected endpoint of primary drying

Lyophilization Results

Figure 17a shows that the vials lyophilized per the procedure
in Section Lyophilization Performance showed no sign of
macroscopic collapse. These vials completed primary dry-
ing in about nine hours, as reported by the pressure ratio
test in Fig. 17b. The efficacy of this drying is reinforced by
Karl Fisher titration, which showed that all vials had a resid-
ual moisture < 2.5wt%. These results demonstrate that the
excellent uniformity and control of forced convective freez-
ing enables rapid drying of all vials while also enabling
continuous processing.

Conclusion

This work describes the design and testing of a forced con-
vection gas freezing chamber for continuous lyophilization.
Simulation work screened the initial parameter space to nar-
row the design scope and provided targets for the physical
prototype to meet its functional requirements. The freezing
chamber includes a gas recirculation system for efficiency
and stability, and it was demonstrated to provide sufficiently
uniform gas temperature and flow conditions to vials across
its inlets.

The gas temperature in this freezing chamber can rapidly
change to match freezing recipes from traditional batch
lyophilizers and to access more flexible protocols. Through-
out the freezing process, uniformity across all vials in the
chamberwasmaintainedwithin 3◦Cduring dynamic regimes
and 0.5◦C during steady states. Vials in this chamber could
be brought from ambient to slightly subcooled conditions
in less than 30 min. After subcooling, a novel method for

controlled nucleation was tested which induced nucleation
in all vials within 30s and 1◦C. After nucleation, the sys-
tem has excellent control over the solidification rates within
the vials and their post-solidification behavior. Additionally,
vials frozen by this method tolerated a rapid primary drying
rate, achieving a total drying time of 12h without collapse
and low residualmoisture.These results demonstrate the abil-
ity of this chamber to freeze vials uniformly and optimally,
enabling accelerated drying in a topology compatible with
continuous manufacturing.

Supplementary Information

ESM01.mp4: Video from which the frames in Fig. 13 were
extracted. The nucleation impulse begins 5 s into the video.

Appendix A: Additional Simulated
Geometries

In addition to the loose hexagonal grid presented in Fig. 1a,
the initial set of simulations included the simple 3×3 grid
geometry shown in Fig. 18a. This geometry simplifies the
tray design, but it also occludes more vials from direct cool-
ing gas flow. Simulations were also run where cold gas was
fed through the top of the system and exhausted through
the sides, as shown in Fig. 18b. This configuration generally
had slower conditioning times because less gas impinged
directly onto vials. A summary of evaluating both geome-
tries and flow directions is shown in Table 1. These results
led to the selection of the loose hexagonal grid with cross-
flow for physical prototyping.
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Fig. 18 An alternative (a) vial layout and (b) flow configuration screened in this study

Table 1 The initial simulation results were used to select the hexagonal
grid with the left-right flow configuration as the target geometry in this
study

Layout Flow Direction min(tcond) (min) max(tcond) (min)

Simple Grid Left-Right 45 77

Simple Grid Top-Down 57 88

Hexagonal Grid Left-Right 43 75

Hexagonal Grid Top-Down 50 75

Appendix B: Major Hardware Iterations

While the internal geometry of the freezing chamber was
determined by the size of the Planar Motors flyway and the
simulations for the inlet and outlet positions, the gas flow
system underwent the series of iterations shown in Fig. 19 to
consistently generate the desired gas flow and temperature
conditions.

The first physical prototype (Fig. 19A) used a direct cross-
flow approach with no recycle. It was quickly evident that
such a strategy wasted too much energy to be feasible, so
an initial recycle system was made primarily from cardboard
sonotubes (Fig. 19B). This recycle structure proved effective,
so an updated recycle structure made from laser cut acrylic
plates was constructed to improve assembly and sealing at its
interfaces (Fig. 19C). This structure was made entirely from
assembled plates, so it included turning vanes to reduce flow
losses at its corners. However, the toothed interfaces did not
seal sufficiently well. Thus, the acrylic plates defining the
recycle shape were made with rounded corners, and a thin
acrylic sheetwas attached along their outer edgeswith acrylic
weld (Fig. 19D). This design sealed well, but the thin acrylic
sheet became brittle at cryogenic temperatures and fractured
when subjected to pressure fluctuations. The acrylic was then
replacedwith stainless steel using the same side plate and thin
sheet structure with welded edges (Fig. 19E). This structure
generally performed well, but the use of multiple bends in

constructing the recirculation duct panels made it more dif-
ficult to ensure the bends were done at the correct locations,
and the diffuser included extra volume that could contribute
to flow losses. The final geometry uses only two bends and
a diffuser geometry more conformal to the fans positioned
inside it (Fig. 19F). This final structure is alsomade from alu-
minum to match the chamber material, avoiding differential
thermal expansion stress that could create leaks.

Appendix C: Temperature Control System

As described in Section Gas Temperature Control, this
freezing chamber uses a cascade controller to stabilize the
temperature of the cooling gas. A piping and instrumenta-
tion diagram (P&ID) of the implemented cascade strategy is
shown in Fig. 20a. This strategy was necessary because the
cryogenic temperatures cause significant thermal contraction
of the control valve, leading to inconsistent valve behavior.

Direct control of the valve based on the measured temper-
ature is infeasible because the temperature change timescale,
O(2min), is comparable to the process timescale,O(10min),
and the valve positioning is very inconsistent. Figure20b
shows the path dependence of the measured flow rate when
opening and closing the valve. In particular, the valve gets
stuck shut, leading to a large deadband region during opening
without any response, followed by a regionwith an unexpect-
edly large gain once the valve begins to move.

The cascade controller utilizes the relatively fast outlet
flow rate timescale, O(5 sec), to correct for the current
valve behavior. Although flow rates are generally measured
upstream of a control valve to avoid entrance length effects,
the two-phase boiling liquid nitrogen feed makes this posi-
tioning infeasible. Therefore, the flow meter was placed on
the outlet of the chamber, as shown in Fig. 20a.

The cascade loop structure alone is not sufficient to miti-
gate the large valve position hysteresis, so two modifications
to a typical cascade control scheme are implemented. First,
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Fig. 19 Refinement of the cooling chamber prototype

a deadband on the valve control signal is implemented to
stop actuation of the valve unless the desired control action
is larger than 1%. Because the cryogenic temperatures cause
the valve to stick, many small actuations lead to no physical
movement of the valve. Thus, larger actions must be built up
and executed. Second, when the valve needs to open, it is
opened a large amount (10%) and then closed to the desired
position to avoid the unreliability of the valve opening behav-
ior. After any control action is taken by the valve, the flow
rate data for the next 10 s is ignored to avoid being biased by
a pressure hammer from the two-phase flow.

This control system was implemented on a CLICK PLC
(Automation Direct) running at a typical scan time of 50 ms.
An exponentiallyweightedmoving average filterwas applied
to both the raw temperature and flow rate data with filter

timescales of 20 and 40s respectively. The PID loop period
was set to 1 s and all control variableswere loggedwithMAT-
LAB every 10s. When enabled, this controller can stabilize
both the inner flow rate controller (Fig. 21a) and the outer
temperature control loop (Fig. 21b).

Appendix D: Estimating Vial Dynamics

D.1 Fitting Per-Vial Heat Transfer Coefficients

During the conditioning experiments presented in Section
Conditioning, both the temperature of the liquid water in the
vials and the cooling gas temperature were measured as a
function of time. These temperatures are coupled through

Fig. 20 (a) P&ID diagram for the control system for the gas temperature. (b) Hysteresis measured for the control valve
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Fig. 21 (a) The inner loop of the cascade controller stabilizes the outlet gas flow rate over a range of setpoints. (b) The fast inner loop enables the
chamber to maintain the gas temperature within 1◦C of the setpoint over long periods of time

simple convective heat transfer between the gas and the vial.
Both the glass vial and the water inside can be treated as
lumped material with an average temperature that was mea-
sured during the experiment,

dTvial
dt

= hAvial

msolutionCp,solution + mvialCp,vial

(
Tvial − Tgas

)

(D1)

The surface area of the vial, A, was calculated by approx-
imating the 10R vial as a cylinder with a 12mm radius and a
30mm height. The mass of each vial was estimated as 9.2 g
after measuring the average mass of 50 vials. The mass of
solution in each vial was estimated as 3g based on the nom-
inal fill volume. The heat capacity of the solution and glass
were approximated using the values for pure water and silica
glass.

Two strategies could be used to fit h: (1) explicitly cal-
culate dTvial

dt using a finite difference approximation at each
point, or (2) use an ode solver like ode45 and pass h and
the true gas temperature to it. If (1) is used, a best-fit h can
be calculated directly from matrix inversion because right
hand side is linear in h. If (2) is used, an optimization can
be run over h (e.g. using lsqnonlin) which minimizes the
square error between the fit and true Tvial trajectories. Option
(2) was selected for this work to avoid poor conditioning
of the large system of equations created by (1). The call to
ode45 restricted the maximum step size of the function to
be less than 5 times the average sampling period of the Tgas
data. This limitation prevents the solver from jumping past
any fast dynamics that occurred.

Critically, while lumped analysis only tracks the evolu-
tion of the liquid solution and glass vial control volume, it
determines a heat transfer coefficient h that only depends on
the geometry. Therefore, the evolution of the freezing (and

frozen) water can be inferred by using the appropriate ther-
modynamic properties because the geometry stays constant.

D.2 Applying Per-Vial Heat Transfer Coefficients

The results in Section Induced Nucleation show empirically
that nucleation can be induced in all vials nearly simultane-
ously without significant cooling. After this nucleation event
occurs, the sub-cooled solution in the vial rapidly forms ice
crystals as the solution jumpsback to the equilibrium freezing
temperature. An energy balance around the solution shows
that during this rapid, O(1 sec) impulse, the initial mass of
frozen solution is:

mfrozen(t0) = msolutionCp�Tsubcool
�Hfusion

(D2)

After nucleation occurs, all of the heat removed from the
cooling vial and solution assembly is sunk into the solidifying
solution. This process continues untilmfrozen = msolution and
follows the simple ODE:

dmfrozen

dt
= hAvial

�Hfusion

(
Tvial − Tgas

)
(D3)

For simplicity, thiswork assumes that during solidification
Tvial = Tfreeze = 0◦C.After solidification completes, the vial
and frozen solution will begin to cool in the presence of cold
gas as described by the energy balance around the vial:

dTvial
dt

= hAvial

msolutionCp,ice + mvialCp,vial

(
Tvial − Tgas

)
(D4)

The only difference between Eqs.D1 and D4 is the
replacement of the properties of liquid water with those of
ice.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12247-025-10037-
0.
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